A comprehensive computational study was undertaken to identify the extent to which elasto-plastic properties of ductile materials could be determined from instrumented sharp indentation and to quantify the sensitivity of such extracted properties to variations in the measured indentation data. Large deformation finite element computation were carried out for 76 different combinations of elasto-plastic properties that encompass the wide range of parameters commonly found in pure and alloyed engineering metals; Young's modulus, E, was varied from 10 to 210 GPa, yield strength, s y , from 30 to 3000 MPa, and strain hardening exponent, n, from 0 to 0.5, and the Poisson's ratio, n, was fixed at 0.3. Using dimensional analysis, a new set of dimensionless functions were constructed to characterize instrumented sharp indentation. From these functions and elasto-plastic finite element computations, analytical expressions were derived to relate indentation data to elasto-plastic properties. Forward and reverse analysis algorithms were thus established; the forward algorithms allow for the calculation of a unique indentation response for a given set of elasto-plastic properties, whereas the reverse algorithms enable the extraction of elasto-plastic properties from a given set of indentation data. A representative plastic strain e r was identified as a strain level which allows for the construction of a dimensionless description of indentation loading response, independent of strain hardening exponent n. The proposed reverse analysis provides a unique solution of the reduced Young's modulus E * , a representative stress s r , and the hardness p ave . These values are somewhat sensitive to the experimental scatter and/or error commonly seen in instrumented indentation. With this information, values of s y and n can be determined for the majority of cases considered here provided that the assumption of power law hardening adequately represents the full uniaxial stress-strain response. These plastic properties, however, are very strongly influenced by even small variations in the parameters extracted from instrumented indentation experiments. Comprehensive sensitivity analyses were carried out for both forward and reverse algorithms, and the computational results were compared with experimental data for two materials.
Introduction
The mechanical characterization of materials has long been represented by their hardness values [1, 2] . Recent technological advances have led to the general availability of depth-sensing instrumented micro-and nanoindentation experiments (e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ).
Nanoindenters provide accurate measurements of the continuous variation of indentation load P down to micro-Newtons, as a function of the indentation depth h down to nanometers. Experimental investigations of indentation have been conducted on many material systems to extract hardness and other mechanical properties and/or residual stresses (e.g., [3-5, 9, 13-17] , among many others).
Concurrently, comprehensive theoretical and computational studies have emerged to elucidate the contact mechanics and deformation mechanisms in order to systematically extract material properties from P versus h curves obtained from instrumented indentation (e.g., [3, 5, 11, 12, [16] [17] [18] [19] [20] [21] ). For example, the hardness and Young's modulus can be obtained from the maximum load and the initial unloading slope using the methods suggested by Oliver and Pharr [5] or Doerner and Nix [3] . The elastic and plastic properties may be computed through a procedure proposed by Giannakopoulos and Suresh [20] , and the residual stresses may be extracted by the method of Suresh and Giannakopoulos [22] . Thin film systems have also been studied using finite element computations [23] [24] [25] .
Using the concept of self-similarity, simple but general results of elasto-plastic indentation response have been obtained. To this end, Hill et al. [26] developed a selfsimilar solution for the plastic indentation of a power law plastic material under spherical indentation, where Meyer's law * was given a rigorous theoretical basis. Later, for an elasto-plastic material, self-similar approximations of sharp (i.e., Berkovich and Vickers) indentation were computationally obtained by Giannakopoulos et al. [18] and Larsson et al. [27] . More recently, scaling functions were applied to study bulk [11, 12, 19] and coated material systems [25] . Kick's Law (i.e., P = Ch 2 during loading, where loading curvature C is a material constant) was found to be a natural outcome of the dimensional analysis of sharp indentation (e.g., [11] ).
Despite these advances, several fundamental issues remain that require further examination:
1. A set of analytical functions, which takes into account the pile-up/sink-in effects and the large deformation characteristics of the indentation, needs to be established in order to avoid detailed FEM computations after each indentation test. These functions can be used to accurately predict the indentation response from a given set of elastoplastic properties (forward algorithms), and to extract the elasto-plastic properties from a given set of indentation data (reverse algorithms). Giannakopoulos, Larsson and Vestergaard [18] and later Giannakopoulos and Suresh [20] proposed a comprehensive analytical framework to extract elasto-plastic properties from a single set of P-h data. Their results, as will be shown later in this study, were formulated using mainly small deformation FEM results (although they performed a number of large deformation computations). Cheng and Cheng [11, 12, 19] , using an included apex angle of the indenter of 68 o , proposed a set of universal dimensionless functions based on large deformation FEM computations, but did not establish a full set of closed-form analytical functions.
2. Under what conditions and/or assumptions can we extract a single set of elasto-plastic
properties from a single P-h curve with reasonable accuracy? Cheng and Cheng [19] and Venkatesh et al. [21] discussed this issue. However, without an accurate analytical framework based on large deformation theory, this issue can not be addressed.
3. What are the similarities and differences between the large and small deformationbased analytical formulations? Chaudhri [28] estimated that equivalent strains of 25%
to 36% were present in the indented specimen near the tip of the Vickers indenter.
These experimentally observed large strains justify the need for large deformation based theories in modeling instrumented sharp indentation tests.
In this paper, these issues will be addressed within the context of sharp indentation and continuum analysis. Figure 1 shows the typical P-h response of an elasto-plastic material to sharp indentation. During loading, the response generally follows the relation described by Kick's Law,
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where C is the loading curvature. The average contact pressure, term is the total work done by load P during loading, W e is the released (elastic) work during unloading, and the stored (plastic) work W p = W t -W e . The residual indentation depth after complete unloading is h r .
As discussed by Giannakopoulos and Suresh [20] , C, Plastic behavior of many pure and alloyed engineering metals can be closely approximated by a power law description, as shown schematically in Fig. 2 . A simple elasto-plastic, true stress-true strain behavior is assumed to be , for , for
where E is the Young's modulus, R a strength coefficient, n the strain hardening exponent, s y the initial yield stress and e y the corresponding yield strain, such that
Here the yield stress s y is defined at zero offset strain. The total effective strain, e, consists of two parts, e y and e p :
y p e e e = + (4) where e p is the nonlinear part of the total effective strain accumulated beyond e y . With eqs. (3) and (4), when s > s y , eq. (2) becomes
To complete the material constitutive description, Poisson's ratio is designated as n, and the incremental theory of plasticity with von Mises effective stress (J 2 flow theory) is assumed.
With the above assumptions and definitions, a material's elasto-plastic behavior is fully determined by the parameters E, n, s y and n. Alternatively, with the constitutive law defined in eq. (2), the power law strain hardening assumption reduces the mathematical description of plastic properties to two independent parameters. This pair could be described as a representative stress s r (defined at e p = e r , where e r is a representative strain) and the strain-hardening exponent n, or as s y and s r .
Dimensional Analysis and Universal Functions
Cheng and Cheng [11, 12] and Tunvisut et al. [25] have used dimensional analysis to propose a number of dimensionless universal functions, with the aid of computational data points calculated via the Finite Element Method (FEM). Here, a number of new dimensionless functions are described in the following paragraphs.
As discussed in Section 2.1, one can use a material parameter set (E, n, s y and n), (E, n, s r and n) or (E, n, s y and s r ) to describe the constitutive behavior. Therefore, the specific functional forms of the universal dimensionless functions are not unique (but different definitions are interdependent if power law strain hardening is assumed). For instrumented sharp indentation, a particular material constitutive description (e.g., powerlaw strain hardening) yields its own distinct set of dimensionless functions. One may choose to use any plastic strain to be the representative strain e r , where the corresponding s r is used to describe the dimensionless functions. However, the representative strain which best normalizes a particular dimensionless function with respect to strain hardening will be a distinct value.
Here, we present a set of universal dimensionless functions and their closed-form relationship between indentation data and elasto-plastic properties (within the context of the present computational results). This set of functions leads to new algorithms for accurately predicting the P-h response from known elasto-plastic properties (forward algorithms) and new algorithms for systematically extracting the indented material's elasto-plastic properties from a single set of P-h data (reverse algorithms).
For a sharp indenter (conical, Berkovich or Vickers, with fixed indenter shape and tip angle) indenting normally into a power law elasto-plastic solid, the load P can be written as
where E i is Young's modulus of the indenter, and n i is its Poisson's ratio. This functionality is often simplified (e.g., [29] ) by combining elasticity effects of an elastic indenter and an elasto-plastic solid as ( )
Alternatively, eq. (7) can be written as ( )
or ( )
Applying the P theorem in dimensional analysis, eq. (9) becomes
and thus P are dimensionless functions. The dimensionless functions given in equations (11) and (12) are different from those proposed in [11, 12] , where the normalization was taken with respect to E * instead of s r .
During nanoindentation experiments, especially when the indentation depth is about 100 to 1000 nm, size-scale-dependent indentation effects have been postulated (e.g., [8, 30, 31] ). These possible size-scale-dependent effects on hardness have been modeled using higher order theories (e.g., [30, 31] ). If the indentation is sufficiently deep (typically deeper than 1 mm), then the scale dependent effects become small and may be ignored. In the current study, any scale dependent effects are assumed to be insignificant.
It is clear from equations (11) and (12) that P=Ch 2 is the natural outcome of the dimensional analysis for a sharp indenter, and that it is independent of the specific constitutive behavior; loading curvature C is a material constant which is independent of indentation depth. It is also noted that, depending on the choices of (e r , s r ), there are an infinite number of ways to define the dimensionless function P 1 . However, with the assumption of power-law strain hardening, it can be shown that one definition of P 1 is easily converted to another definition.
If the unloading force is represented as P u , the unloading slope is given by
or, assuming that elasticity effects are characterized by E * , the unloading slope is given
Dimensional analysis yields
Evaluating eq. (14) at h = h m gives
Similarly, P u itself can be expressed as
When P u = 0, the specimen is fully unloaded and, thus, h = h r . Therefore, upon complete unloading,
Rearranging eq. (17),
Thus, the three universal dimensionless functions, 1 P , 2 P and 3 P , can be used to relate the indentation response to mechanical properties.
Computational Model
Axisymmetric two-dimensional and full three-dimensional finite element models were constructed to simulate the indentation response of elasto-plastic solids. Figure 3 package ABAQUS [32] . The three-dimensional mesh design was verified against the three-dimensional results obtained from the mesh used previously by Larsson et al. [27] .
Unless specified otherwise, large deformation theory was assumed throughout the analysis.
For a conical indenter, the projected contact area is computational results will be referenced in the remainder of the paper unless otherwise specified. In all finite element computations, the indenter was modeled as a rigid body, and the contact was modeled as frictionless. Detailed pile-up and sink-in effects were more accurately accounted for by the large deformation FEM computations, as compared to small deformation computations.
Comparison of Experimental and Computational Results
Two aluminum alloys were obtained for experimental investigation: 6061-T6511
and 7075-T651 aluminum, both in the form of 2.54 cm diameter, extruded round bar stock. Two compression specimens (0.5 cm diameter, 0.75 cm height) were machined from each bar such that the compression axis was parallel to the extrusion direction.
Simple uniaxial compression tests were conducted on a servo-hydraulic universal testing machine at a crosshead speed of 0.2 mm/min. Crosshead displacement was obtained from a calibrated LVDT (linear voltage-displacement transducer). As each specimen was compressed to 45% engineering strain, the specimen ends were lubricated with Teflon TM lubricant to prevent barreling. Intermittent unloading was conducted to allow for repeated measurement of Young's modulus and relubrication of the specimen ends. Recorded load-displacement data were converted to true stress-true strain data. Although the true stress-true strain responses were well approximated by power law fits, these experimental stress-strain data which were used as direct input for FEM simulations, rather than the mathematical approximations (see Fig. 4 ). For 7075-T651 aluminum, the measured Young's modulus was E = 70.1 GPa (n = 0.33); and for 6061-T651 aluminum, E = 66.8
GPa (n = 0.33).
Indentation specimens were machined from the same round bar stock as discs of the bar diameter (3 mm thickness). Each specimen was polished to 0.06 mm surface finish with colloidal silica. These specimens were then indented on a commercial nanoindenter 
Large Deformation vs. Small Deformation
Giannakopoulos et al. [18] , Larsson et al. [27] , Giannakopoulos and Suresh [20] , and Venkatesh et al. [21] have proposed a systematic methodology to extract elastoplastic properties from a single P-h curve. The loading curvature C was given as
where M 1 and M 2 are computationally derived constants which depend on indenter geometry. It is interesting to note that, after rewriting Table 1 ). From Fig. 7 , it is evident that eq. (20) agrees well with the small deformation results and that, for all four cases studied, large deformation theory always predicts a stiffer loading response. 
where N 1 = 9.4509 and N 2 = -1.2433 are computationally derived constants specific to the indenter geometry. This expression is consistent with the dimensionless function shown in eq. (12b).
Computational Results
A comprehensive parametric study of 76 additional cases was conducted (see Appendix A for a complete list of parameters). These cases represented the range of parameters of mechanical behavior found in common engineering metals: that is, Young's modulus E ranged from 10 to 210 GPa, yield strength s y from 30 to 3000 MPa, strain hardening exponent n from 0 to 0.5, and Poisson's ratio n was fixed at 0.3. The axisymmetric finite element model was used to obtain computational results unless otherwise specified.
Representative Strain and Universal Dimensionless Functions
The first dimensionless function of interest is P 1 in eq. (11). From eq. (11),
The specific functional form of P 1 depends on the choice of e r and s r . Figure 8 shows the computationally obtained results using three different values of e r (i.e., e p = 0.01, 0.033 and 0.29) and the corresponding s r . The results in Fig. 8 indicate that for e r < 0.033, 1 P increased with increasing n; for e r > 0.033, 1 P decreased with increasing n.
Minimizing the relative errors using a least squares algorithm, it is confirmed that when r = 0.033 e , a polynomial function
fits all 76 data points within a ± 2.85% error (see Fig. 8(b) ). A representative strain of r = 0.033 e was thus identified.
The corresponding dimensionless function P 1 normalized with respect to 0.033 s was found to be independent of the strain hardening exponent n. This result indicates that, for a given value of E * , all power law plastic, true stress-true strain responses that exhibit the same true stress at 3.3% true plastic strain give the same indentation loading curvature C (see Fig. 9 ). It is noted that this result was obtained within the specified range of material parameters using the material constitutive behavior defined by eq. (2). Figure 10 show the dimensionless functions P 2 and 3 P . Within a ± 2.5% and a 
Note that eq. (25) is simply a revision of (23) Table 2 tabulates the values of c * used in the current study and in the literature. (i.e., 1 P to 5 P ), which fit the same set of data taken from the 76 cases examined in the present study, may also be explored.
Forward Analysis Algorithms
The forward analysis leads to prediction of the P-h response from known elastoplastic properties. With the available dimensionless functions P 1 , P 2 , 3 P , P 4 , P 5 and P 6 , the forward analysis algorithm is readily constructed. One such set of algorithms is shown in Flow Chart 1. Alternatively, r m h h can also be obtained using function 3 P instead of 4 P . As discussed earlier, 3 P and 4 P are interdependent functions.
To verify the accuracy of the proposed algorithms, uniaxial compression and indentation experiments were conducted in two materials: 7075-T651 aluminum and 6061-T651 aluminum. Values for E and s y were obtained from the resulting experimental true stress-true total strain data. The value for s 0.033 was then determined from the true stress-true plastic strain data. Finally, a power law equation was fit to the true stress-true plastic strain data (see Fig. 4 ) to estimate a value for n (see Table 3 ). The Poisson ratio n was not experimentally determined, and was assigned a typical value of 0.33 for aluminum alloys. The parameters E i and n i were assigned values of 1100 GPa and 0.07, respectively; these are typical values for diamond taken from the literature [34].
Microhardness specimens were prepared identically to the microindentation specimens, and were indented on a commercial microhardness tester to a maximum load of 0. Table 4 , it is evident that the present forward analysis results are in good agreement with the experimental P-h curves. 
, where X represents a variable.
Reverse Analysis Algorithms
The reverse analysis implies estimation of the elasto-plastic properties from one complete (i.e., loading and full unloading) P-h curve. In a similar manner, the To verify the reverse analysis algorithms, twelve experimental P-h curves (six from 6061-T651 aluminum specimens and six from 7075-T651 aluminum specimens)
shown in Table 4 were analyzed to extract elasto-plastic properties of the indented specimens; results are shown in Table 5 . From Table 5 , it is clear that the proposed reverse algorithms yield accurate estimates of E and s 0.033 , and give reasonable estimates of s y (especially after taking an average from the six indentation results) which agree well with experimental compression data. It is noted that changing the definition of s y to 0.1% or 0.2% (instead of 0%) offset strain would not affect the conclusions. The average pressure p ave also compares well with values estimated from experimental microhardness tests. The fractional errors observed in obtaining n are somewhat misleading, due to the fact that 1 n = . Although the errors obtained from individual P-h curves were relatively large in a few cases, the values averaged from a number of indentation tests appeared to be more reliable. Results in Table 5 also show that the proposed reverse algorithms give better predictions than Oliver and Pharr [5] and Doerner and Nix [3] methods for extracting E * values. This improved calculation of elastic properties is likely due to the fact that sink-in/pile-up effects were taken into account with present model, while they have been neglected before. 
Discussion of Uniqueness, Sensitivity and Representative Strains
Forward Analysis and Reverse Analysis
In very high hardening (n = 0.5), the reverse analysis yielded two solutions of n (E * and s r still gave the correct answers). Reverse analysis on the remaining 74 cases resulted in a single, accurate re-construction of the initial elasto-plastic parameters.
As established in the literature (e.g., [5, 12, 16] and n > 0.3, one single value of n can be determined as well.
(although both s y and n are highly sensitive to even small variation in P-h response)
Examining Fig. 10(a) . Table 6 summarizes the above mentioned results. Cheng and Cheng [19] examined whether uniaxial stress-strain relationships of materials can be uniquely determined by matching the loading and unloading P-h curves, calculated using their FEM analysis and scaling relationships, with those measured experimentally. By showing that there could be multiple stress-strain curves for a given set of loading and unloading curves, they concluded that the material stress-strain behavior may not be uniquely determined from the loading and unloading P-h response alone. We examined all seven cases presented in [19] . For the four cases presented in Fig.   3 (a) of Ref. [19] , the values of y * E s are beyond the range of the current study. That is, the ratio of y * E s given by these four cases (~10 -1 ) may not accurately describe any metallic engineering alloys (see, e.g., [35] ), but may describe certain ceramics or engineering polymers, which are not well-described by power law plasticity. Therefore, the nonuniqueness of these cases is physically irrelevant to the scope of our analysis. In contrast, the cases reported in Fig. 3(b) of Ref. [19] are within our range of parameters ( consequently, a unique value of s y for each case. However, these small variations in curve parameters may not be visually apparent when plotting these P-h responses simultaneously. In fact, as experimental scatter may cause such variation in P-h curve parameters, the issue of sensitivity in these analyses is an important consideration.
Sensitivity to Forward Analysis, Reverse Analysis and Apex Angle
For forward analysis, the sensitivity of the predicted P-h response parameters to variations in the input mechanical properties of the indented material was investigated for the 76 cases examined in this study. The results showed that a ± 5% change in any one input parameter (i.e., E Table 7 . In general, sensitivity to reverse analysis is different for each individual case, thus the maximum variations listed in Table 7 Table 7 are consistent with the reverse analyses of experimental P-h curves listed in Table 5 . The greater scatter in computed s y values in Table 5 reflects the stronger sensitivity with respect to s y . If data scatter is random in nature, it is expected that taking the averaged value from a number of indentation tests may significantly reduce the error, as clearly demonstrated in Table 5 . 
+85%/-29% -27%/+81% +70%/-33% +103%/-53% -50%/+96% +71%/-57% , where X represents a variable. ¶ Estimated by setting n = 0 when there are multiple solutions or no solution for n, or setting n = 0.5 when the solution for n is greater than 0.5 (which is outside the scope of our parameter study).
In addition, the sensitivity of the P-h response as computed from FEM calculations to variations in the apex angle q of the indenter was investigated for the four cases A, B, C and D listed in Table 1 . The results are summarized in Table 8 and Fig. 12, where the respective reference values (as calculated from the FEM computed P-h curves)
were taken at q = 70.3 o . From Fig. 12 and Table 8 , the dependence of C, Taking q = 68 o as used in [11, 12, 19] as an example, deviation from the reference apex angle by 2. Table 8 ). As evident in Table 7 
Representative Strains
The concept of representative strain was first introduced by Tabor [1] to relate its corresponding representative stress to the hardness value. Tabor [1] suggested a representative plastic strain of 8-10% based on experimental observations. This original definition does not represent any apparent physical transition in mechanical response.
Giannakopoulos et al. [18] and Giannakopoulos and Suresh [20] used a "characteristic strain" of 29-30% within the context of eq. (20) . Giannakopoulos and Suresh [20] suggested that the region of material experiencing strains beyond 29% under the indenter exhibits plastic "cutting" characteristics and may be modeled using slip line theory. In the current study, a representative plastic strain e r = 0.033 was identified as a strain level which allows for the construction of a dimensionless description of the indentation loading response (i.e., eq. (11b)), independent of strain hardening exponent n. Here, the underlying connections between these three different definitions and the corresponding representative strain levels are discussed.
To understand these different representative strain values, it is important to note that the dimensionless function 1 P in Fig. 8(b) , used to identify r 0.033 e = has a different functional form than that used by the earlier researchers, e.g., eq. (20).
Therefore, it is possible for these different definitions to result in different solutions.
Equation (21) 
within a ± 5.5% error of eq. (21) 
Similar to the procedure taken to obtain e r = 0.033 (see Fig. 8 
A representative strain of e r = 0.082 was thus identified. Figure 13 shows eq. (32) plotted against the FEM data. Also plotted in Fig. 13 are the four cases studied in Section 2.5.
Equation (32) It is noted that, in Tabor's original study [1] , when there was no pre-straining, ave 0.08 p s was found to be 2.6 and 2.84 (instead of being very close to 3.0) for annealed copper and mild steel, respectively; this is in good agreement with the predictions from 7 P .
Although different functional definitions were used by Tabor and the present study, the same set of modeling assumptions and fitting algorithms were used to derive a characteristic strain of 8.2%. This exercise shows that these two values are fundamentally linked to one another. Thus, the apparent disparity comes not from discrepancies in data, constitutive modeling, or fitting procedures, but rather from the choice of functional definitions that were used to relate certain indentation parameters to certain mechanical properties.
Conclusions
In this study, dimensional analysis and large deformation finite element studies were performed to elucidate the mechanics of instrumented sharp indentation. Systematic experiments were conducted to verify the theoretical results. The key results of this investigation can be summarized as follows.
1. Using dimensional analysis, a set of new universal, dimensionless functions were constructed to characterize instrumented sharp indentation. From these functions and elasto-plastic finite element computations, solutions were formulated to relate indentation data to elasto-plastic properties.
2. Forward and reverse analysis algorithms were established based on the identified dimensionless functions. These algorithms allow for the calculation of the indentation response for a given set of properties, and also for extraction of some elasto-plastic properties from a given set of indentation data, thus obviating the need for large-scale finite element computations after each indentation test.
3. The proposed forward analysis algorithms work well and robustly; a ± 5% error in any input parameter results in less than ± 6% in the predicted values of C, higher hardening materials (n > 0.1), s y displayed strong sensitivity to all three parameters. Sensitivity of the P-h responses to apex angle deviations were found to be significant with even an 1-2 o deviation; nevertheless, the P-h response variations with respect to apex angle deviations less than ± 0.5 o were within the tolerance limit of the reverse analysis.
9. We note that plastic properties of materials extracted from instrumented indentation are very sensitive to even small variation in the P-h responses. Nevertheless, the present computational study provides a mean to determine these plastic properties, which may not be easily obtainable by other means in small volume structures, and further provides an indication of the level of the sensitivity to experimental indentation data.
Appendix A
In this study, large deformation finite element computational simulations of depth-sensing indentation were carried out for 76 different combinations of elasto-plastic properties that encompass the wide range of parameters commonly found in pure and alloyed engineering metals; Young's modulus, E, was varied from 10 to 210 GPa, yield strength, s y , from 30 to 3000 MPa, and strain hardening exponent, n, from 0 to 0.5, and the Poisson's ratio, n, was fixed at 0.3. Table A1 tabulates the elasto-plastic parameters used in these 76 cases. 
Appendix B
In this appendix, six of the dimensionless functions identified in Section 3.1, i.e. P 1 , P 2 , 3 P , P 4 , P 5 and 6 P , are listed explicitly. 
where values of c * are tabulated in Table 2 . Tables   Table 1. Four cases studied to compare large vs. small deformation theory Table 2 . The values of c* used in the current study Table 3 . Mechanical property values used in the forward analysis Table 4 Table 6 . Uniqueness of Reverse Analysis Table 7 . Sensitivity to Reverse Analysis P increased with increasing n; for e r > 0.033, 1 P decreased with increasing n. A representative plastic strain e r = 0.033 can be identified as a strain level which allows for the construction of 1 P to be independent of strain hardening exponent n. 
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